Human immunodeficiency virus (HIV) afflicts an estimated 30 million people globally, making it a continuing pandemic. Despite major research efforts, the rate of new infections has remained relatively static over time. This article reviews an emerging strategy for the treatment of HIV, the inhibition of the co-receptors necessary for HIV entry, CCR5 and CXCR4. The aim of this article is to highlight potential therapeutics derived from peptides and proteins that show particular promise in HIV treatment. Molecules that act on CCR5, CXCR4 or on both receptors will be discussed herein.
Introduction
Human immunodeficiency virus (HIV) remains a global pandemic despite monumental advances in the treatment and management of acute infections. The severity of the problem is underscored by the estimated two million new infections annually, and the approximately 30 million people living with HIV. 1 The urgent nature of the pandemic has led to the development and implementation of therapeutics targeting all phases of the HIV life cycle. The infection cycle of HIV is characterized by five steps: entry, reverse transcription, integration, assembly and budding. 2 All steps of infection have served as therapeutic targets; however, the majority of drugs target the reverse transcription step of the HIV life cycle. These are characterized by their mechanism of action as either nucleotide or non-nucleotide reverse transcriptase inhibitors. Additionally, therapies have been approved that inhibit HIV integrase, protease processing and the viral fusion process. An underdeveloped class of anti-HIV compounds is that targeting the viral entry process, especially that targeted to the co-receptors necessary for viral fusion. There are currently two FDA approved entry/fusion inhibitors, Fuzeon and Maraviroc, which bind to gp41 on the viral surface and CCR5 on the cell surface, respectively. 3, 4 In the early 1990s several research groups discovered that HIV required two components for infection: CD4 as a targeting factor and an, as then, unidentified co-factor for entry. These factors were subsequently elucidated as either CXCR4 5 or CCR5, [6] [7] [8] part of a growing family of C-C and CXC-motif chemokine receptors (Figure 1 ). The critical nature of this co-receptor in HIV infection was further confirmed by the observation of human populations homozygous for a deletion mutation in CCR5, who had a high resistance to HIV infection. [9] [10] [11] To date, no human population with a corresponding CXCR4 mutation has been found. The identification of these co-receptors led to an explosion in research surrounding their role in infection and the opportunity to interfere with infection using drugs ranging from natural ligands and derivatives to small molecule therapeutics.
Depending on the co-receptor usage for infection, either CCR5 or CXCR4, HIV tropism can be defined as either R5 or X4, respectively. Typically, infection and early disease progression is dominated by R5 tropic viral strains, making inhibition of CCR5 a viable strategy for pre-exposure prophylaxis and treatment of new infections. 12 Alternatively, X4 tropic strains are associated with negative patient outcomes and rapid transition from HIV to AIDS. 13 It is unclear whether this relationship is correlative or causative. Nevertheless, CXCR4 inhibition is an important strategy moving forward for the treatment of late stage HIV infection or as a complementary microbicide for the rare X4 tropic infection. Extensive research has gone into the development of small molecules that act on both of these co-receptors, with one drug gaining FDA approval (Maraviroc) and others in late stage clinical trials. One concern of small molecule drugs though, is the propensity for the development of resistant HIV strains. [14] [15] [16] [17] Macromolecular co-receptor inhibitors, by contrast, require HIV to undergo more difficult and arduous evolutionary paths to either utilize the original receptor in a new way or to switch tropism, particularly in going from R5 to X4 receptor usage. 18, 19 The development of macromolecular inhibitors of these co-receptors, such as peptides and proteins, presents a potentially innovative means to develop new anti-HIV compounds. The small molecule inhibitors of HIV co-receptors have been extensively reviewed elsewhere, and thus will not be discussed further in this review. 20, 21 The present article will focus on protein-and peptide-based inhibitors of CCR5, CXCR4, and hybrid inhibitors thereof.
CCR5 inhibitors
As R5 tropic viruses are by far the most prevalent in personto-person transmission and early stages of infection, inhibitors of the HIV:CCR5 interaction are critical to prevent the spread of the disease. The natural ligands for CCR5 were identified as RANTES, MIP-1a and MIP-1b. 22 The first Anti-HIV therapeutic derived from one of these natural ligands, published only months after identification of CCR5 as coreceptor, was RANTES(9-68) which had a deletion of the first eight amino acids on the N-terminus. 23 Several concerns of using natural chemokines were that these are inherently pro-inflammatory molecules, that early work showed native ligand had little ability to block infection 8, 24 , and that activation of T-cells could actually lead to enhanced susceptibility to infection. 25 One advantage of RANTES(9-68) was that it functioned as an antagonist, perhaps avoiding unwanted downstream pathway activation. However, its binding was lower than that of native RANTES, owing perhaps to the deletion of residues at the N-terminus which later work would show was critical for optimal CCR5 binding. 26 Early work in the engineering of protein inhibitors of HIVentry was well reviewed by Hartley and Offord. 27 Later work on the use of peptides to mimic parts of RANTES function was the subject of a mini-review by Vangelista et al.. 28 However, recent work on peptides discovered through phage display libraries and fully recombinant versions of RANTES analogues have yet to be reviewed and are covered herein.
The initial discovery that the N-terminus plays a critical role in RANTES binding to CCR5 was fortuitously found through studies of the recombinant version of the protein, produced in E. coli, which still retained its N-terminal methionine residue. 29 The so-named Met-RANTES showed that a single residue could turn the agonist into an antagonist. It was speculated that the hydrophobic nature of the methionine residue played the greatest role in this conversion. To test this, semi-synthetic derivatives of RANTES were generated with chemical modifications of the N-terminus meant to mimic the hydrophobicity of methionine, but improve upon its activity as an HIV inhibitor. The first such derivative was named 'Aminooxypentane' or AOP-RANTES. 30, 31 Further rounds of chemical optimization resulted in PSC-RANTES, an analogue 50 times more potent than AOP-RANTES. 32 Use of PSC-RANTES as a topical microbicide was shown to be sufficient to protect against vaginal transmission of R5-tropic virus in a single dose in a macaque model. 33 PSC-RANTES was further demonstrated to be capable of preventing viral replication in Langerhans cells. This represented a significant discovery as Langerhans cells are critical in early infection, but frequently thought to be CCR5 negative and thus resistant to CCR5 blocking strategies. 34 While PSC-RANTES showed promise as an HIV entry inhibitor, it has two limitations. Firstly, as an agonist it still suffered limitations previously identified for RANTES agonists, namely inflammatory activation. Secondly, due to the fully synthetic route, production would always be costly, limiting its use in developing countries. To circumvent this, a panel of fully recombinant chemokine analogues was generated and tested for agonistic or antagonistic ability. Several rounds of optimization produced three noteworthy analogues: 6P4-RANTES is a strong agonist with prolonged intracellular CCR5 sequestration; 5P12-RANTES and 5P14-RANTES were both complete antagonists, with 5P12-RANTES showing no CCR5 internalization, and 5P14-RANTES only partial internalization. 35 5P12-RANTES and 6P4-RANTES were further validated for stability in vaginal pH and in the presence of semen. Stability was only examined at 24 h, and with a cell fusion assay, but was beyond that of PSC-RANTES. 36 An alternative route to generating economically viable versions of PSC-RANTES was the study of various semisynthetic routes of drug production, where the protein could be produced by fermentation and the N-terminus modified by a one-step linkage. A couple viable candidates were identified with moderate activities, but none rivaled that of PSC-RANTES. 37 Based on this work, other semisynthetic strategies could yield more successes, such as use of non-natural amino acids and 'click' chemistry for high yield reactions. [38] [39] [40] The first RANTES analogue that demonstrated receptor antagonist activity without receptor activation and internalization was discovered through a different means. Nardese et al. 41 explored various N-terminal substitution mutants, the most memorable of which was a serineto-cysteine double mutant C1C5-RANTES, in which an intramolecular loop formed through a disulphide bridge. Antagonistic ability was ascribed to the profound structural change resulting from this N-terminal modification. Hartley et al. 44 explored a different strategy, namely the use of phage display libraries to generate mutated N-terminal sequences for full-length RANTES analogues in an effort to identify analogues capable of CCR5 internalization but with antagonistic properties (i.e. failure to activate inflammation). Some putative candidates were identified, but did not warrant further exploration.
A number of other research groups examined the use of peptides, often short sequence fragments of RANTES, to mimic the binding function of RANTES but without activating the signaling of CCR5. Nardese et al. 41 identified that the extracellular loops of CCR5 formed a hydrophobic patch crucial for receptor identification and binding. This was a critical discovery in the development of small molecule hydrophobic drugs, but was also crucial in the advancement of peptide mimics of RANTES binding. The sequence with the best identified activity corresponded to two hydrophobic stretches, one in the N-loop (aa [11] [12] [13] [14] [15] [16] and one in the b1-strand (aa 27-29) of RANTES. 41 The resulting peptide von Recum and Pokorski Peptide and protein-based inhibitors of HIV-1 co-receptors 443 (RANTES aa [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] was demonstrated to have potent anti-HIV activity; however, initial modifications with hydrophobic residues did not result in higher efficacy. 42 Although recent work, particularly in the use of tryptophan substitutions resulted in peptides with better activity and pharmacologically comparable to other peptides (e.g. T20 a gp41 binding peptide) and to maraviroc (the only FDA approved CCR5 blocking molecule). 43 Phage display techniques, originally used to help optimize fully recombinant RANTES analogues, 44 were later used to pan for peptides capable of mimicking RANTES binding without activation. 45 Initial peptides identified showed modest results (5 mM affinity) but neither agonistic nor antagonistic activity. Subsequent work used either cells expressing CCR5 46 or purified CCR5 and analogues 47 in phage display selection. While a number of peptides have been identified with moderate enrichment, as yet these techniques have not yielded more viable candidates.
Patel et al. 48 identified another research direction for identifying potential peptide based HIV entry inhibitors, namely repurposing a peptide identified in the blocking of other G-Protein Coupled Receptors, such as [D-Lys3]-Growth Hormone Releasing Peptide-6 (DLS) which is used as a selective ghrelin receptor antagonist. 48 In these studies they showed it also had the capacity to block HIV binding to CCR5. However, a shortcoming of this approach was the non-specificity, and resultant interference with other ubiquitous GPCRs.
An advantage in using the full-length proteins over shorter peptides is the capacity to take advantage of other internal sequences in the protein. For example, RANTES, similar to many other cytokines, has been demonstrated to have internal glycosaminoglycan (GAG) binding sequences. 49 Initial concern was that these sites, responsible for protein aggregation, 50 would result in increased viral activation. 51 However this has not been observed in vivo. Conversely, Wang et al. exploited the GAG binding capability in an advantageous fashion by using these molecular associations to control the rate of protein delivery, and to prolong the release of RANTES analogues beyond that of diffusion alone. 52, 53 This strategy is known as 'affinitybased drug delivery'. 54 Clearly, progress has been made in the development of macromolecular inhibitors of CCR5 with anti-HIV activity. The RANTES-derived proteins show the most promise, advancing to successful in vivo studies. To make translation of these molecules a clinical reality delivery options must be developed to make administration viable in resource-limited settings, most likely as preexposure prophylactic microbicides. Due to high production cost, peptide or protein availability can be augmented through polymer conjugation (such as was demonstrated by PEGylation of RANTES analogue), 55 or by better drug delivery strategies.
CXCR4 inhibitors
CXCR4 is a chemokine receptor whose activation is responsible for myriad biological functions, including chemotaxis and cellular differentiation. CXCR4 is a G-protein coupled receptor that is activated by the C-X-C chemokine CXCL12, more commonly named SDF-1a. Due to its diverse biological function, CXCR4 has been targeted as a therapeutic option in a number of disease states besides HIV, the most prevalent of which are cardiovascular disease and cancer. Like CCR5, HIV infection is attenuated by the natural chemokine, however the same concerns of receptor activation and recycling remain. Unlike CCR5 inhibitors, however, development based on alteration of the natural chemokine is just beginning to emerge. 56 Owing to its diverse role in many disease states, much more is known about the structural requirements for X4 inhibitor design. Included in this knowledge base is the high-resolution structure of the receptor bound to an antagonist, 57 which has already been employed as a resource for computational design of new inhibitors. 58 Analogous to CCR5 inhibition, early work in the development of CXCR4 inhibitors focused on developing analogues of the natural chemokine, SDF1-a. 59, 60 The approach suffered from the same challenges that applied to RANTES development, namely receptor activation and recycling. Engineering productive antagonists from SDF1-a for anti-HIV applications is further complicated by the critical role that the CXCR4-SDF1-a axis plays in the body. Thus, development of macromolecular antagonists centred on peptide fragments derived from components that were able to interact selectively with the receptor, including SDF1-a, gp120, and the viral macrophage inflammatory protein-II (vMIP-II). 67 Early work in this field has been reviewed elsewhere, 61 and the remainder of the discussion will focus on peptide and protein inhibitors discovered since 2008. A number of recent examples highlight the importance of CXCR4 inhibition in HIV treatment.
The growing body of knowledge regarding CXCR4 and its interactions with inhibitors has enabled the generation of novel structural motifs in both peptides and peptidomimetics with improved antiviral activities. An example from the Camarero laboratory describes grafting the linear CVX15 peptide into a cyclotide framework to improve its potency. 62 Cyclotides are a special class of globular miniproteins (27 to 38 amino acids) that cyclize from head to tail and contain three disulphide bonds to form a complex cystine knot topology. 63, 64 These molecular architectures are an emerging class of molecules well suited for medicinal applications, owing to their increased serum half lives, compact and rigid molecular structures (important for binding affinity) and near limitless substitution without detriment to structural integrity. Similar scaffolds have already been utilized to template high-affinity peptides for the medicinally relevant integrin receptors. 65, 66 In this example, researchers adapted a known inhibitor of CXCR4, for which structural information had been recently determined, and grafted it in various positions within a cyclotide scaffold derived from the horseshoe crab peptides polyphemusin I/II. The resultant peptide showed improved activity over the previously reported cyclic CVX15 peptide in HIV inhibition assays, exhibiting EC 50 values of 2 nM. Further promising properties of this peptide inhibitor include improved serum stability relative to linear and simple cyclic analogues, and a lower affinity for serum proteins that would likely be responsible for opsonization and clearance prior to reaching their targets. Taken together, these data indicate that cyclotide scaffolds are promising macromolecular architectures for the discovery of 'druggable' receptor-specific antagonists.
The T140 peptide, a peptide derived from polyphemusin II, was one of the first X4 inhibitors reported by Fujii and coworkers in 2000, and has served as a scaffold for CXCR4 inhibitor development. 68 Shortly thereafter, the Fujii group identified the pharmacophore associated with T140, a linear four amino acid sequence that includes several basic residues and the non-natural amino acid naphthylalanine ( Figure 2 ). The active motif was mapped onto a pentapeptide scaffold to enforce a preferred conformation and thus enhanced specificity, an approach that was already well known to yield active peptides such as cyclic RGD motifs. The approach originally allowed the researchers to identify the peptide FC131, a low nanomolar inhibitor of CXCR4 and likewise active against X4-tropic HIV strains. 69 Recent years have seen the iteration of the FC131 scaffold to new compounds with variable potency against X4-tropic HIV strains. For instance, modifications to the peptide backbone that replaced the traditional amide bond with alkene isosteres 70 or reduced secondary amines 71 resulted in a significant decrease in binding affinity and anti-HIV activity. One of the more potent inhibitors was the FC122 peptide, a derivative of FC131 that had a single N-methyl substituent, and had an approximate three-fold enhancement of activity over the parent peptide. 72 Finally, introducing a basic amidine residue into the backbone in place of one amide resulted in a ten-fold improvement in binding affinity over the best previously identified scaffolds, which translated to a similar increase in anti-HIV activity (Figure 2) . 73 Kessler and coworkers 74 optimized FC131 using structural information garnered from NMR experiments, which indicated a major and minor conformation in solution. 74 The researchers were able to modify the peptide scaffold to freeze out its bioactive conformation. This was accomplished by introducing a peptoid residue at the key dynamic bond, thus favouring a trans conformation over the previous cis:trans equilibrium state. This new peptide:peptoid hybrid molecule exhibited exceptionally high affinity for the CXCR4 receptor, with a picomolar IC50 value. The improvement represents a two order of magnitude enhancement of binding affinity over the parent peptide. As expected, this improvement in binding affinity translated to improved efficacy against HIV infection, resulting in nanomolar inhibition (EC 50 30 nM) of an X4-tropic HIV-1 strain (LAI). The reported cyclic peptide:peptoid hybrid has a number of desirable features when considered as a candidate for clinical development. Inhibition of HIV-1 infection is an order of magnitude more effective than the clinically approved AMD-3100. The hybrid structure contains both D-amino acids and peptoid residues, likely making the compound resistant to protease degradation and enhancing cell permeability. [75] [76] [77] It will be of interest in coming years to follow the development of new inhibitors derived from the class of molecules, as structural information regarding the receptor is already leading to an increased understanding of molecular interactions that are critical to producing potent CXCR4 inhibitors. 78 An alternative approach to traditional medicinal chemistry is the use of directed evolution to obtain high-affinity ligands for molecular targets. Once limited to phage display panning experiments to identify short peptides (still a highly valuable technique), molecular evolution has advanced to include in vivo binding experiments, identifying novel or improved catalytic activity of enzymes and antibodies, and the identification of so-called nanobodies. Nanobodies are typically engineered from the variable regions of antibodies and can be evolved to exhibit high binding affinity for a molecular target, or enzyme-like catalytic activity. Recently, Smit and coworkers developed an anti-CXCR4 nanobody derived from VHH, immunoglobulin single variable domains found in the Camelidae family. 79 In a clever method for generation of high-affinity nanobodies, antibodies were generated in llamas by immunizing animals with CXCR4-expressing cells. PBMCs were then isolated and the VHH fragments cloned into phage vectors 
Chimeric inhibitors targeting both CCR5 and CXCR4
The potential for mutations in the HIV genome that leads to receptor switching cannot be discounted, thus a new class of entry inhibitor has focused on chimeric molecules that act to block both CCR5 and CXCR4. These types of molecules should be active against a wider breadth of viral strains than single receptor antagonists and potentially offer broad activity in a single therapeutic unit. A recent report by Liwang and coworkers 80 describes the genetic modification of RANTES variants with terminal extensions comprised of CXCR4 blockers. The use of protein-based therapies is especially convenient for this class of anti-HIV compounds, as recombinant DNA technology makes the fusion of multiple protein/peptide components a routine laboratory exercise. In this example, the researchers fused the CXCR4 antagonist peptide, C37, to the C-termini of 5P12 and 5P14 RANTES. The growing body of structural information makes approaches such as these likely to succeed. In this instance, it is known that the N-terminus of RANTES is primarily responsible for receptor binding, leaving the C-terminus available for further modification. The chimeric inhibitor strategy has shown promising results, as the resulting protein was able to inhibit both X4 and R5 strains with equal or, in most cases, improved potency over the single acting parent compounds. In experiments with R5 tropic strains, the fusion inhibitor was typically 1-2 orders of magnitude more potent than RANTES alone. Equally impressive was the ability of these inhibitors to block X4 tropic infection, especially in cell lines expressing both CCR5 and CXCR4, a situation aligned with typical T-cell infection. In Tzm-B1 cells, low picomolar inhibition of the X4 tropic HXB2 strain of HIV was observed, showing a synergistic effect between R5 and X4 activity. This effect is presumably due to cell-surface localization enabled by the high affinity interaction between RANTES and CCR5, which subsequently creates a highlocal concentration of the chimeric molecule, thus enhancing inhibition of the CXCR4 pathway.
Discussion
The global pandemic of HIV infection clearly necessitates new and improved strategies to combat the disease. Emerging methods for HIV prevention that extend beyond behavioural modification are those of pre-exposure prophylaxis. It is in this realm where macromolecular agents that block co-receptor binding are most likely to find impact as microbicides. There are several advantages associated with using peptide and protein-based molecules in this context. First, peptides and proteins can have extremely high affinity and specificity for their molecular targets, potentially making them highly potent anti-viral agents, as illustrated above. Second, there is evidence that macromolecular agents are more difficult to evade through viral mutation. Thus, employing these agents limits the evolution of more potent and drug-resistant strains of HIV. This is a potential problem for small-molecule therapeutics used for both treatment and prevention, as infected individuals could develop resistant strains that are not susceptible to the prophylactic treatment, furthering the spread of drugresistant viral strains. The prospects for the development of peptide and protein inhibitors of HIV co-receptor entry are increasingly promising. RANTES derivatives have been validated in vivo and are especially promising for early stage infection and person-to-person transmission of R5 tropic viruses. Likewise, new and more potent CXCR4 inhibitors are rapidly being identified and tested, showing impressive receptor-binding affinities and inhibition of X4-tropic infection. The recent developments highlighted in this review article, show that the future is bright for these types of molecules. The next step in translating these advances to the clinic is the development of scalable production of these macromolecules and efficient delivery to sites of infection.
